Modeling and field evidence are presented which indicate that soil gas can enter houses with basements at significant rates through permeable below-grade walls. Entry via this previously neglected pathway could result in elevated indoor concentrations of radon and other pollutants. Using artificial depressurization of the basement ( -25 to -30 Pa), field measurements were made of pressure-coupling between a basement and the surrounding soil and of soil-gas entry into the house . A two-dimensional, steady-:-state finite element model of fluid flow through porous media was used to simulate the experimental conditions, assuming air flow occurs through permeable substructure walls. The model predicts a soil-gas entry rate of 2.5 m 3 hr -l. The best estimate of soil-gas entry, based on field tracer-gas studies, was 4 m 3 hr-1 , with a range of 1.5-12 m 3 hr-1 . The soil was modeled with and without a lowpermeability layer just above basement floor level. The layered-soil model explains high pressure-coupling observed at 3-m depth out to 14 m west of the house.
Introduction
Soil gas is an important source of indoor air pollution. Research on sources of human exposure to radon indicates that soil is the primary source of indoor radon in single-family houses in the United States (I). Pressure-driven flow is a principal means by which soil gas enters houses; it is expected to be the predominate source of radon in houses with elevated ' J ..
concentrations (2,3,4). Recent studies indicate that entry of volatile organic contaminants via the soil-gas pathway could pose a public heath risk in residences located near landfills, even those designated to accept only non-hazardous waste (5,6).
Pressure-driven flow of soil gas into houses results from the depressurization of the substructure of the house with respect to the surrounding soil. There are three principal causes of basement depressurization: thermal differences between indoors and outdoors, windloading on the building superstructure, and/or imbalanced building ventilation (2,4). Field measurements have shown that under normal operating conditions of houses during the winter, the temperature effect alone can result in consistent substucture underpressures between 2 and 6 Pa (7 ,8) . Other factors being equal, pressure-driven entry is likely to be most important in houses with basements because they provide a large interface with the soil. Soil-gas entry due to basement depressurization has been experimentally demonstrated by Turk et al. (9) and Nazaroff et al. (I 0) . Significant pressure-driven entry of radon from soil has also been reported for houses with crawl spaces (II) . Entry pathways have been assumed to be penetrations, gaps, or cracks in the building substructure (I 0,12, 13, 14, 15).
Pollutant transport through permeable substructure walls has been considered in the context on radon entry into residential buildings, but, to our knowledge, has not yet been incorporated in exposure-assessment modeling. Marynowski (16) and Harris et al. (17) conducted laboratory studies of air flow through cement-block walls. Their results indicate that significant air flow can occur through this type of wall, even at low pressure-differentials. 2 
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Marynowski measured an air flow rate of 1.3 x 10-5 ms-1 (13 cm 3 s-1 per m 2 of wall area) for uncoated, hollow cement-block wall at an applied pressure difference across the wall of 10 Pa, and measured a flow rate of 1.3 x 10-6 ms-1 (1.3 cm 3 s-1 per m 2 ) for hollow cement-block wall sealed with a mortar coating. Harris et a/. measured a flow rate of 1.6 x 10-4 ms-1 (160 cm 3 s-1 per m 2 ) for uncoated, hollow wall at a one Pa pressure differential under similar experimental conditions. The difference was probably due to different physical characteristics of the cement blocks and/or mortar material in the different experiments.
Numerical (computer) and analytical (closed form) models have been developed to predict pressure-coupling between a basement and the surrounding soil and to predict soil-gas and radon entry (10, 13, 14, 15) . These models restrict the soil-gas entry pathway to a gap at the basement wall-floor interface. This treatment arises because, in many cases, a basement is constructed by pouring a cement-slab floor inside a previously constructed cement footer or frame. Upon drying, slab shrinkage produces a peripheral gap. The peripheral-gap geometry has also been used to represent entry through a perimeter drain-tile system connected to a basement sump through an untrapped pipe ( 12) . Most of models assume unsaturated, homogeneous, isotropic soil (10, 13, 15) . The Loureiro (14) model allows different soil properties to be assigned to regions of soil adjacent to the basement wall and floor (areas frequently modified during house construction). Nazaroff et a/.
( 1 0) used an analytical model based on an electrical analog to simulate pressure coupling induced by artificial basement depressurization at a field-study house. The model underpredicted the measured values by more than a factor of ten. The authors hypothesized that their predictions might be low due to layering of dissimilar soils, a factor for which their model did not account.
In this paper, we present field evidence and modeling results of soil-gas entry into a house '-·; with a basement via permeable substructure walls. The permeable wall approach was first considered because basement construction of the study house was not of the type likely to produce a gap at the wall-floor interface, and no evidence of such a gap was observed. The slab and footer of the study house were poured as one piece. The concrete block wall was 3 then built on top of the footer. Water damage on a large section of the interior walls indicated that gas flow across the walls could be possible.
A two-dimensional, steady-state finite element model of fluid flow through porous media is used to simulate the conditions of the field experiments. The soil is modeled both with and without a low-permeability soil layer just above the depth of the basement floor (as indicated by field observations). The results of the modeling are compared with field measurements of the pressure-coupling between the basement of the house and the surrounding soil and with data on soil-gas entry into the basement. The difference in potential for soil-gas entry through permeable walls versus that through a perimeter gap are examined by comparing the results of the present model with predictions from the perimeter gap models of Loureiro (14), Mowris (13 ) , and Mowris and Fisk (15).
Field Measurements
The study site was a unoccupied, single-family residence located in Central California.
The site is level to the north and west, but slopes abruptly down from the house on the south and south east (Figure 1 ). The house is a three bedroom, one-story structure built over a basement and garage, which terminate at a depth of 2. Air-permeability measurements of the soil were also made at all of the probes. Based on resistance during probe insertion, there appeared to be a dense, hard layer approximately one half meter thick lying between a 2-and 3-m depth, depending on probe location. Probes were generally terminated either above or below this layer because within the layer excessive resistance to air flow made permeability measurements impossible with the available equipment. Therefore, mean permeabilities calculated from the in-situ measurements apply to the bulk soil, but not to the low-permeability layer. The mean permeability of the bulk soil (above and below the low-permeability layer) was 3 x 10-12 m 2 with a range of 0.3 to 20 x 10-12 m 2 . Permeability of the soil in the dense layer was estimated by an indirect method.
Soil samples were collected by bucket auger and analyzed for particle size distribution to determine the USDA soil type. Samples taken from the layer were of the silt-loam type,
associated with an air permeability range of 10-14 to 10-13 m 2 (4). Samples taken from the bulk soil were of the sandy-loam and loamy-sand types, which have a permeability range of Soil-gas entry into the house was measured using a tracer-gas technique similar to that of Nazaroff (1 0). Sulfur hexafluoride (SF 6 ) was injected into the soil in numerous probes on the north and west sides of the house. One month later, SF 6 was detected in the soil gas at all probes. Dichlorofluoromethane (Freon-12) was also distributed throughout the soil, apparently having migrated onto the site from the adjacent municipal landfill. Both compounds were detected by on-site gas chromatography (GC).
After purging the basement with fresh, surface air, the basement was sealed and depressurized by blower door. Soil-gas entry rates were determined by monitoring basement concentrations of SF 6 and Freon-12 while incrementally increasing basement depressurization.
Soil-gas entry into the house was estimated from the experimental data using a simple massbalance model. Two factors combine to introduce considerable uncertainty into this estimate.
First, the soil-gas tracers were inhomogeneously distributed in the soil resulting in uncertainties in the average concentration in the soil on different sides of the house. Second, the actual leakage geometry of the basement was not known. The technique was therefore only able to give an approximate estimate of entry rate. At a basement depressurization of 30
Pa, the best estimate of the rate of soil-gas entry into the basement was 4 m 3 hr-1 , with a possible range of 1.5 to 12 m 3 hr-1 .
Model Description
Flow of soil gas through unsaturated soil (at driving-force pressures induced in the field experiment or under normal house operating conditions) obeys Darcy's Law of flow through porous media (4,18). Darcy's Law for the pressure-driven flow of soil gas is written:
where v is the volumetric fluid flux, k is the permeability of the soil to air, J.' is the viscosity of soil gas (taken as the viscosity of air), and P is the disturbance pressure (total pressure minus atmospheric pressure).
To model the soil-gas response to basement depressurization, we used a standard twodimensional, steady-state finite element model of fluid flow through porous media. The model aspect ratio of adjacent elements and once with the wall and soil elements as they were in the main modeling effort (49 elements total). The deviation between the fine and coarse mesh predictions was less than five percent out to 2.5 m west of the house and less than ten percent beyond 2.5 m. Much of the deviation between the close-up models beyond 2.5 m is explained by boundary effects, as determined by comparing the results of the main modeling effort with those of the identical, close-up model. Therefore, the estimated uncertainty due to the use of variable-sized elements in the main modeling is probably less than five percent out to the Drow, and is certainly less than ten percent.
To quantify the effect of basement wall permeability on soil-gas entry, the permeability of the wall was varied among the cases modeled. Table I The permeable wall model applies to flow through uniform porous media (for example, homogeneous, porous building materials), to ·flow through a composite wall made up of different material types, or to flow through numerous small cracks in the cement block and/or mortar. In the latter two cases an effective permeability for the wall can be assigned as long as the channels through which flow occurs are small compared with the area over which flow is distributed. This is a common practice in hydrology when considering groundwater flow through a composite medium and in geology when considering fluid flow through cracks and fissures in rock. Therefore, in the current study wall permeability should be interpreted as an effective permeability of the wall.
Since the groundwater table at the site was known to be approximately 20 m below the V surface, the soil was assumed to be unsaturated throughout the modeled region. Three configurations of the soil were modeled. In one case, the soil was specified as being uniform throughout, with a permeability of 3 x _10-12 m 2 (as indicated by in-situ measurements). The
second case tested the effect of a low-permeability soil layer just above basement floor level by assigning a permeability of 3 x 10-14 m 2 to the soil between 1.8 and 2.4-m depth, while the bulk of the soil was treated as in the first case. The permeability for this layer was based on the soil particle size analysis. The depth approximates that estimated in the field and was chosen for modeling convenience. The low-permeability soil layer was terminated 17 m to the west of the house because at greater distances the elements of the mesh were not fine enough to define such a thin layer. Termination of the layer at this distance will not result in distortion of the pressure field within 5 m of the house, the region for which we make a quantitative comparison with the data. The results will be less reliable for F-row probes, 14 m west of the house.
The third soil configuration tests the effect of incorporating a region with potentially distinct soil permeability next to the basement wall. Such a region can result from the process of backfilling the house excavation hole with soil after completion of basement construction.
In the case of the field site, permeabilities measured in the backfill zone were similar to those in the bulk soil, but higher than those in the low-permeability layer. Therefore, for the backfill case, soil permeabilities were specified as for the layered-soil case except that the lowpermeability layer was terminated 1.0 m from the house, the soil between 0.0 and 1.0 m being assigned the permeability of the bulk soil. The soil is assumed to be homogeneous and isotropic within each region. Table II The addition of the low-permeability soil layer has little effect on near house pressurecoupling above the depth of the layer. Far-field coupling below the layer is, however, greatly increased in the presence of the layer (compare Figures 2 and 3 ). This phenomenon accounts for the high pressure-coupling observed at 3-m deep probes in the C, D, and E rows ( Figure   I ), whereas the homogeneous soil model does not (for example, Figure 2 ). The net effect of the low-permeability layer is to extend the zone of influence of the house in the deep soil.
Discussion of Modeling Results
This effect, in combination with the leakage geometry of the house substructure, can be an important determinant of soil-contaminant entry rates. Especially since most sources would be expected, in the presence of a low-permeability soil layer, to have higher concentrations in deeper soil because of reduced dilution by surface air.
A comparison of cases 6, 7, and I 0 with cases 4, 5, and 9, respectively ( Table II 
\-I
A wall permeability of 9 x 10-14 m 2 gave a best fit to the measured average pressure-V coupling (Tables I and II) . This value is close to the permeability of 2 x 10- The model was run using the "best fit" wall permeability for all soil configurations:
namely, for unlayered soil, layered soil, and layered soil with a backfill (cases 8, 9, and 10, respectively). The pressures predicted for rows A through D at 1.5-m depth are presented in Table II . It is difficult to pick the best fit among the models from these data. However, as mentioned earlier, the high pressure-coupling measured in 3-m deep probes even out to 14 m from the house suggest that the soil is not homogeneous, whereas the layered-soil model gives a reasonable estimate of the observed coupling.
Also shown in Table II are predictions from the finite difference models of Mowris (I 3) and Loureiro (14) for the A through D row locations for one and ten millimeter wall-floor gap widths, for the case of homogeneous soil. Even for a gap as large as 10 mm, these models underpredict pressure-coupling at this site. Whereas, with a reasonable wall permeability of 9
x 10-14 m 2 , the permeable wall model yields fairly accurate predictions. This result indicates that it is likely that entry occurred distributed over the wall area. Figure 4 plots the soil-gas entry rate based on the current model for each of the ten cases considered. The output of the model is given in volumetric flow rate per unit of horizontal wall length (the third dimension--not included in the model) associated with each fluxboundary node. To estimate the rate of soil-gas flow into the basement, the sum of the wall fluxes are simply multiplied by the length of the wall adjoining the soil; the flux through the floor slab being negligible. The results indicate that soil-gas entry is slightly less than proportional to wall permeability. As the wall permeability decreases, the entry rate should \) converge on being proportional to the wall permeability, since the coupled resistance to flow presented by the soil and the wall will be dominated by the wall.
Since the model specifies that soil-gas entry occurs along the entire depth of the wall, but the majority of the wall is above the low-permeability soil layer, the presence or absence of the layer has little effect on the entry rate (Figure 4) . A quite different result would be expected if entry occurred primarily below the level of the soil layer (for example, if entry occurred through a gap at the wall-floor joint or through a permeable earthen floor). In that case, a low-permeability soil layer should obstruct the source of surface air, restricting soil-gas entry into the building.
The "best fit" wall permeability, determined by comparing the predicted with the measured pressure-coupling, also produced a reasonable prediction of the soil-gas entry rate. Using this permeability, both the layered and unlayered-soil models predicted entry rates of 
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This work demonstrates the potential importance of a previously neglected patJtway for soil-gas entry into houses: pressure-driven flow through permeable, below-grade building materials. Such flow, distributed over the wall area, could occur through porous building materials or through a network of small cracks in subsurface walls and floors. If this pathway is ignored, predictions of the rate of entry of soil gas into buildings could be substantially too low. For example, neglecting the permeable-wall pathway at the field site and assuming entry through a 10 mm gap at the wall-floor joint results in an order of magnitude underprediction of the soil-gas entry rate. Furthermore, in houses that do have a peripheral gap, entry through the gap could be small compared with entry through the walls.
A second factor, explored in a limited way, is the effect of a low-permeability soil layer just above basement floor level (such a layer was apparent at the field site). The layered-soil model predicts significantly higher far-field pressure-coupling below the layer than does the homogeneous soil model and helps to explain the high pressure-coupling observed at 3-m depth even out to 14 m from the house.
These findings have important implications for assessing human exposures to contaminants with a soil-gas source, such as radon and volatile organic contaminants. Wall permeability effects the rate at which soil gas may enter a house. Layering of the soil can determine the region from which soil gas is drawn and, therefore, the concentration of contaminants in the . 4_· •.
soil gas entering the building. Soil macrostructure also affects the shape of the pressure field, thereby determining the zone of influence of the house and the strength of pressure-coupling in different regions. These factors are crucial for understanding and predicting concentrations of contaminants in indoor air.
The results of this study also have bearing on indoor air pollution mitigation techniques.
Entry through walls could explain why the sealing of gaps and penetrations in building substructures has been found to be relatively ineffective as a radon-entry mitigation measure (9) . For houses in which entry via permeable walls is important, impermeable wall coatings might be a useful mitigation technique, reducing the need for expensive alternatives such as \) basement overpressurization, sub-slab depressurization, and crawl-space ventilation.
More research is needed in order to determine the magnitude and frequency of soil-gas entry through permeable building materials in the existing housing stock. More data are needed on the permeability of various building materials and sealants. In particular, tests 13 should be made on constructed walls, such as cement-block walls sealed and backfilled with cement. With data such as these, and with information on current building design, modeling could be used more effectively to assess the magnitude of soil-gas entry in the existing housing stock. These studies could, in turn, be used to ensure that future building practices minimize indoor air pollution by limiting soil-gas entry.
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